INTRODUCTION
The transformation of precursor proteins into active proteins by specific hydrolysis is known to occur in many cases, such as proenzymes, prohormones, viral proteins, etc. In sperm proteins, a similar transformation has been found to take place in one of the mammalian protamine components (P2). This mammalian P2 protein is usually a minor component of the protamine complement and in many cases it is even absent from the final protamine complement [1] .
In the cuttlefish Sepia officinalis, it has been previously shown that the protamine components are synthesized as precursors [2] . Indeed, spermiogenesis of the cuttlefish is characterized by a twostep nuclear basic protein transition [3] . The somatic-type and/or testis-specific histones are first replaced in round and elongating spermatids by a more basic and highly phosphorylated protein called protein T. In elongated spermatids, protein T is replaced by a true protamine (protein Sp) which contains 77 % arginine and up to six phosphate groups. During the epididymal transit, the phosphorylated protamine is dephosphorylated [4] . In the mature spermatozoa of cuttlefish, this protamine, which is the most basic protein ever described, is practically the only basic component of chromatin [3] .
The total identity ofthe C-terminal sequence ofthe spermatidal protein T with protein Sp has led us to postulate that protein T must be considered as a pro-protamine [2] .
A two-step transition has also been observed in another Cephalopod decapod species, the squid Illex argentinus [5] . Two proteins, Illexine II and Illexine 12, were partially characterized: Illexine I1 replaces histones at the early stages of spermiogenesis, whereas Illexine 12 was found in mature spermatozoa. These structural identity of the C-terminal domain (residues 22-79) of protein T2 with the sperm protamine Sp2 (molecular mass 8562 Da, 58 residues) strongly suggests that the testis-specific protein T2 is indeed the precursor of the protamine. The transition between the precursor protein T and protein Sp results from a hydrolytic cleavage similar to that found in many proteins that are synthesized as precursors. The processing mechanism involves the specific cleavage of a Gly-Arg bond in the sequence Met/Leul8-Lys-Gly-Gly-Arg-Arg23. Furthermore, the study provides molecular evidence on the taxonomic relationship between Loligo and Sepia.
proteins were shown to be involved in rearrangements of chromatin structure which appears highly packed in mature spermatozoa [6] . This paper deals with the isolation and molecular characterization of the testis-specific protein variants TI and T2 and of the protamine variant Sp2 from ripe spermatozoa of the squid Loligo pealeii. As in cuttlefish, the testis-specific protein T from Loligo has to be considered as the precursor of the protamine Sp.
MATERIALS AND METHODS Materials
Squids, L. pealeii, were obtained from the Marine Biological Laboratory, Woods Hole, MA, U.S.A.
Isolation of protein T Protein T was extracted from squid testis chromatin. The gonad was homogenized in a Waring Blendor with 0.15 M NaCl and the sediment extracted overnight with 5% acetic acid. The extract was discarded and the sediment was extracted again with 0.25 M HCl for 14 h. The extract, which contains the T proteins, was precipitated with six volumes of acetone and the precipitate dried under vacuum.
Isolation of protein Sp Spermatophores were suspended in sea water and were broken with the help of tweezers in order to liberate the spermatozoa.
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The spermatophore sheaths were removed by filtration with cheese-cloth. Sperm were recovered by centrifugation and extracted overnight with 5% acetic acid. The extract was discarded and the sediment was extracted again with 0.25 M HCI for 14 h. The Sp protein was recovered from the extract by precipitation with six volumes of acetone and dried under vacuum.
Fractionation of protein T variants
Squid testis protein variants Ti and T2 were purified by reversephase HPLC on a Superspher 100 RP-18 endcapped column (250 x 4 mm) from Merck, equilibrated in 0.1 % trifluoroacetic acid (TFA) and eluted for 40 min with a linear gradient of acetonitrile (0-50 %) in 0.1 % TFA.
Analytical electrophoresis
Protein samples were analysed by polyacrylamide slab gel electrophoresis at pH 3.2 in the presence of 6.25 M urea using a 17% acrylamide concentration [3] . The purity of the peptides was assessed as described in [7] .
Amino acid analyses and characterizatdon of phosphoamino acids Protein T variants, protamine Sp2 and their peptides were hydrolysed under vacuum in 6 M HCl containing 50 ,ul/ml of 5% phenol at 110 C for 24 h. Amino acid analyses were performed on a Beckman 6300 amino acid analyser.
The presence of phosphorylated residues was investigated by amino acid analysis after a 2 h hydrolysis in 6 M HCl at 110°C under vacuum.
Enzymic hydrolyses
Endoproteinase Lys-C Squid proteins TI (17 nmol, 190 ,ug) Enzymic hydrolyses were stopped by lowering the pH to 3.0 with 70 % formic acid and the hydrolysates were evaporated to dryness before fractionation by reverse-phase HPLC, as described in [7] .
Sequence analysis
Sequencing of whole protein T, variants TI and T2, protamine Sp2 and their peptides was performed on a gas-phase sequencer (Applied Biosystems 470A) using the 03CArg program [8] . Phenylthiohydantoin derivatives of amino acids were identified on-line as described previously [9] .
MS
The molecular masses of the variants TI and T2 of the squid testis-specific protein T, of the protamine Sp2 and of some peptides were determined by electrospray MS (ES-MS) either on a VG BIO-Q quadrupole mass spectrometer as described in [10] or on a VG Biotech BioQ mass spectrometer (VG Biotech, Altrincham, U.K.) with a mass range of 4000 Da. Scanning was usually performed from m/z = 400 to m/z = 1400 in 10 s with the resolution adjusted so that the m/z = 998 peak from horse heart myoglobin was 1.5-2.0 Da wide at the base.
Data were acquired by operating the data system as a multichannel analyser and several scans were summed to obtain the final spectrum. Calibration was performed using the multiply charged ions from a separate analysis of horse heart myoglobin (16951.4 Da).
The electrostatic spray ion source was operated at atmospheric pressure with an extraction cone voltage value of 55 V. Each molecular species produced a series of multiply charged protonated molecular ions from which the molecular mass was determined by a simple data-system routine. Samples (15-20 pmol/,ul) were introduced into the ion source by syringe pumps (Applied Biosystems Inc. model 140A, Foster City, CA, U.S.A.) at a flow rate of 4 #I/min.
The mass of some peptides was measured by fast atom bombardment-MS (FAB-MS) on a CONCEPT II HH (Kratos Analytical, Manchester, U.K) four-sector tandem mass spectrometer. Peptide sample (500 pmol in 1 4t1 of de-ionized water) was loaded on to the target and 1 #1l of matrix was added. The matrix was constituted of glycerol/water/TFA (10:88:2, by vol.). Caesium iodide was used as standard compound for mass calibration of samples.
RESULTS AND DISCUSSION
The crude Loligo testis-specific protein T ( Figure 1 , lane 2) was purified by reverse-phase HPLC and recovered into two wellresolved fractions, corresponding to variants Ti and T2 respectively ( Figure 2 ). The major variant T2 represents about 70 % of the whole fraction, as estimated from amino acid analysis.
The amino acid compositions of the two Loligo protein T variants are mainly characterized by a high amount of arginine (about 60 %) and a relative abundance of serine (7-8 %) . Based on the amino acid compositions, the major Loligo protein variant T2 is more closely related to the minor cuttlefish protein variant T2 and the minor Loligo protein variant TI looks like the major cuttlefish protein variant TI [2] . Interestingly, Loligo protein T exhibits more similarity with cuttlefish spermatid-specific protein T than with protein II isolated from immature testes of another squid I. argentinus [5] . Protein To establish the sequence of the C-terminal region, Loligo proteins Ti and T2 were first digested by endoproteinase Lys-C in order to generate the C-terminal peptide K-5 (residues 20-79). Chymotrypsin and Astacus proteinase were used to obtain the overlapping peptides necessary to extend the amino acid sequence up to the C-terminus. Interestingly, the particular pH conditions (pH 5.0) used with chymotrypsin [11] led to the cleavage of only the tyrosyl bonds, avoiding the cleavage of the seven seryl bonds present in the C-terminal part of the variants (residues 22-79).
The amino acid compositions and the sequences of the peptides used for the elucidation of the complete sequences of Loligo protein T variants were established and, in most cases, substantiated by MS analysis of the peptides either in FAB or electrospray mode. The peptides TI K-5 and TI C-3 ( Figure 4 ) exhibit molecular masses which differ from the calculated masses. These differences correspond to the presence of additional phosphate residues. Thus, K-5 appears as a mixture of tri-and tetra-phosphorylated species whereas C-3 is a mixture of nonand mono-phosphorylated forms.
The amino acid sequences of Loligo protein variants TI and T2 (79 residues) are presented in Figures 4 and 5 . The alignment of chymotryptic peptides was established with the peptides generated by Astacus proteinase digestion of fragment K-5. These two variants are structurally related proteins which differ only by a few conservative changes in the N-terminal region (residues 1-21), the distribution of serine residues in the central region (residues 33-59) and the substitution of a tyrosine residue by an arginine residue at position 50 in variant T2. They are also structurally related to Sepia protein variants TI and T2 respectively: the variant TI, minor in Loligo, is major in Sepia whereas the variant T2, major in Loligo, is minor in Sepia [2] . The TI proteins present in both species differ only in the presence of an additional arginine in Loligo compared with Sepia. A few other changes are found in T2.
Like similar cuttlefish proteins, Loligo testis-specific proteins T display two well-defined domains: a relatively hydrophobic N-terminal domain (residues 1-21), which could play a vital role in mediating the folding of the molecule into a bioactive conformation allowing correct positioning on DNA fibres, and a C-terminal domain (residues 22-79) with polyarginine clusters separated by serine and/or tyrosine residues ( Figure 6 ). Furthermore, the sequence SRSPYRR (residues 42-48) and the palindromic sequence RRRSYSRRR (residues 65-73) are strictly conserved in protein T from both species. The clustering of neutral amino acids in such a highly charged protein is surprising and suggests a very precise structural role for these uncharged groups of amino acids. The former sequence is similar to the sequence SPKK which is involved in the preferential linkage of testis-specific histones HI and H2B to AT-rich sites in the minor groove of DNA [12] . Both sequences might have a critical role in DNA-protein T interaction which could be modulated by the specific phosphorylation of serine residues at positions 42 and 68. These residues were found to be phosphorylated by Edman degradation or amino acid analysis of a 2 h hydrolysate of the relevant peptides. Serine residues 44 and 70 have not been found to be phosphorylated.
Furthermore, the sequence of the Loligo major protamine variant Sp2 isolated from mature sperm cells has been deduced from data provided by amino acid analysis and sequence analysis of the protamine and of its chymotrypsin and Astacus proteinase fragments ( Figure 5 (Figure 7 ). This mass value corresponds to a non-phosphorylated protamine molecule. As observed in cuttlefish spermiogenesis, the phosphorylated protamine present in elongated spermatids is likely to be dephosphorylated at the early stage of epididymal transit [4] . The total identity between the C-terminal sequence (residues 22-79) of Loligo testis-specific protein T2 and protamine Sp2 strongly suggests that protein T2 is indeed the precursor of protamine Sp2.
An identical situation has already been observed in another Cephalopod, the cuttlefish S. officinalis [2] . The transition pro- (Figure 6 ), remains to be elucidated. It could imply an N-arginine dibasic convertase analogous to that recently characterized in rat brain cortex and testis [13, 14] . By immunofluorescence, the enzyme was shown to be distributed in the cytoplasm of round and elongating spermatids. It must be emphasized that cuttlefish pro-protamine appears in round spermatid nuclei, is abundant in elongating spermatid nuclei and is replaced by protamine in elongated spermatid nuclei [15] .
The one-step transition pro-protamine -. protamine in Loligo and Sepia relies upon a processing mechanism quite different from that involved in the multi-step transition pro-protamine -a protamine P2 in mammals, such as man [9, 16, 17] and mouse [18, 19] . In this case, the lack of any consensus sequence would imply either the intervention of several processing enzymes of different specificities or the cleavage with a protease of broad specificity at exposed bonds of the folded structure of the proprotamine P2, as suggested by Retief and Dixon [1] .
Interestingly, the study of the nuclear basic proteins which replace histones during spermiogenesis of Cephalopods, the most evolutionarily organized molluscs, is linked to the phylogenetic relationships among decapod Cephalopods. Indeed, two major morphological criteria are used to establish the phylogenetic tree of decapod Cephalopods: the nature of the shell and the eye type. Whatever the classification, the squid I. argentinus and the cuttlefish S. officinalis are clearly separated. In contrast, the position of Loligo remains ambiguous: Loligo is either placed close to Illex according to the shell type or placed close to Sepia according to the eye type [20] . Our study indicates that Loligo and Sepia are very similar in the protamines found in their spermatozoa, a feature which is in agreement with the classification of Decapoda suggested by Berthold and Engeser [21] .
